Indirect ELISA on plates not precoated with antibodies enabled the detection of cross-reactions among a wider range of serologicaUy related viruses in the tymo-, tombus-, como-, tobamo-, potex-, carla-and potyvirus groups than was possible with the direct double-antibody-sandwich method. Used with purified virus preparations and unfractionated antisera which have to be preabsorbed with crude plant sap the method seems promising for the detection of serological relationships among plant viruses, especially when the latter can be purified only with a low yield or when antisera are in short supply and immuno-electron microscopy is not possible. The quantitative outcome of the test was influenced by the concentration of the reactants, the purity and specific adsorption characteristics of the virus and the length of the immunization period. Strains of Andean potato latent virus (APLV) were detected reliably in crude plant sap when indirect ELISA was done on plates precoated with antiviral antibodies from rabbit or guinea-pig ('first antibodies'). The" trapped virus particles were reacted with antiviral antibodies from chicken ('second antibodies') which were then detected by enzyme-labelled rabbit anti-chicken antibodies. Other combinations of 'first' and 'second' antibodies resulted in non-specific reactions in the presence of crude plant sap. The specificity of direct ELISA was not sufficiently broadened to enable the routine detection of APLV strains when antisera were used which, due to altered immunization schemes, were expected to have an especially broad cross-reactivity.
INTRODUCTION
The direct double-antibody-sandwich form of ELISA (Voller et al., 1977; usually detects a narrower range of serologically related viruses than the conventional precipitin tests. The reason for this is probably a lowering of the binding strength of the antiviral antibodies due to the conjugation with enzyme (Koenig, 1978; Ghabrial & Shepherd, 1980) . The degree of specificity apparently differs with different viruses. Thus, enzyme-labelled antibodies to one strain of either bean yellow mosaic virus (Stein et al., viruses like Andean potato latent virus (APLV) which occur in an unknown number of different strains . Even with mixtures of enzyme-labelled antibodies to different strains, unknown strains may be overlooked. This paper reports the results of attempts to broaden ELISA specificity using two different approaches: (i) the use in direct ELISA of antisera which, due to altered immunization schemes, may be expected to have an especially broad cross-reactivity and (ii) the use of indirect ELISA methods in which the virus particles, trapped on the plates either by adsorption or serological binding, were reacted with unlabelled antiviral antibodies which were then detected by enzyme-labelled anti-IgG antibodies from a different animal species.
METHODS
Purified virus preparations were stored at --20 °C in buffer containing 20% glycerol and antisera were stored with 0-5% sodium azide at 4 °C. Rabbits, guinea-pigs or hens were usually immunized by two intramuscular injections spaced 1 week apart, using 2 to 5 mg virus emulsified in Freund's complete and incomplete adjuvant respectively. Other immunization schedules are described under Results. Before use in indirect ELISA on plates not precoated with antibodies, antisera were routinely absorbed with 100 vol. of crude sap from healthy plants of the same species as the virus host in the antiserum production. The precipitate which had formed after standing at room temperature for several hours was removed by centrifugation for 30 rain at 4000 g. The completeness of the absorption was checked using plant sap as controls in each test. Immunoglobulins from egg yolk were extracted as described by Polson et al. (1980) . Direct double-antibody-sandwich ELISA was done on polystyrene microtitre plates as described by . The optimum concentrations for coating globulins ranged from 0.5 to 2 #g/ml, the optimum dilutions of conjugates between 1: 500 and 1 : 2000. Virus suspensions were adjusted to a titre equalling 1 in the precipitin test and diluted further with PBS-Tween containing 2 % polyvinylpyrrolidone 10 000 (PBS-Tween-PVP).
For indirect ELISA methods we used the same buffers, reagents and washing procedures as in the direct method. In indirect ELISA on plates not precoated with antibodies, the plates were incubated successively with: (i) antigen diluted in coating buffer for 2 h at 37 °C, (ii) absorbed antiserum diluted at least 1:500 in PBS-Tween-PVP for 18 h at 4 °C, (iii) enzyme-labelled goat anti-rabbit-IgG antibodies in PBS-Tween-PVP for 4 h at 37 °C, (iv) substrate solution for 30 min at room temperature. In indirect ELISA on antibody-precoated plates the plates were sequentially incubated with (i) 0.5 to 2 flg/ml antiviral immunoglobulins from rabbit, guinea-pig or chicken in coating buffer for 2 h at 37 °C, (ii) antigen in PBS-Tween-PVP for 4 h at 37 °C, (iii) antiviral antiserum from a second animal species or yolk extract diluted in PBS-Tween-PVP for 18 h at 4 °C, (iv) enzyme-labelled anti-IgG antibodies matching the antibodies used in (iii) (see also Table 4) diluted in PBS-Tween-PVP for 4 h at 37 °C, (v) substrate solution.
Anti-IgG-antisera were from commercial sources (Miles, Cappel) or prepared by us. The globulins were purified and conjugated with alkaline phosphatase as described by .
RESULTS

Influence of different immunization schedules on the heterologous reactivities of APL V
antisera in the direct double-antibody-sandwich form of ELISA The heterologous reactivity of antisera has been reported to increase with an increasing number of injections given (e.g. Hollings & Stone, 1965) . Rabbits which were immunized with APLV strain Ay either by two intramuscular injections or by one intravenous, two * Concentration of antibody used for coating was 1 #g/ml, concentration of virus 13 ng/ml, and dilution of enzyme-antibody conjugates 1 : 1000.
~" For intramuscular injections (i.m.) 2.5 mg virus in 1 ml 0.85% NaCI were emulsified with an equal volume of Freund's adjuvant; for intravenous (i.v.) injections 1.9 mg virus were suspended in 1-5 ml 0-85% NaCI. using 0.5 to 2/~g/ml ~,-globulin for coating the plates and alkaline phosphatase-labelled ?-globulins at a dilution of 1 : 500 to 1 : 2000 for detecting the virus. Indirect ELISA was done on plates not precoated with antibodies, using for the detection of virus, unfractionated antisera which were preabsorbed with 100 vol. of crude host plant sap and later adjusted to a final dilution of 1:500; bound antiviral antibodies were detected with alkaline phosphatase-labelled goat anti-rabbit-IgG at a dilution of 1 : 1000. Viruses were diluted 40 times beyond their precipitin titres in both tests.
~" Abbreviations of viruses: APLV, Andean potato latent; BYM¥, bean yellow mosaic; CaVX, cactus X; CeMV, celery mosaic; CVB, chrysanthemum B; CSMV, cowpea severe mosaic; CybMV, cymbidium mosaic; CYMV, eowpea yellow mosaic; EMCV, eggplant mottled crinkle (Makkouk et al,, 1981) ; EMV, eggplant mosaic; NaMV, narcissus mosaic; ORV, odontoglossum ringspot; PepMV, pepino mosaic; PLCV, pelargonium leaf curl; PVM, potato M; PVS, potato S; PVX, potato X; PVY, potato Y; TBSV, tomato bushy stunt; TMV, tobacco mosaic. intramuscular and again up to 15 intravenous injections (Table 1) yielded antisera which varied only slightly in their heterologous reactivities. None of the antisera obtained after different immunization times was suitable for the reliable detection of representatives of the three major strain groups of APLV in direct ELISA (Table 1) . We also immunized three pairs of rabbits by two intramuscular injections each containing either 2.5 mg, 0.15 mg or 0.04 mg of APLV strain Col-2. Antisera obtained from these six rabbits after immunization periods of 14 and 22 weeks showed no pronounced differences in their differentiating power for the closely related strains Col-2 and Col-3 or their ability to detect representatives of other APLV strain groups; the latter was always very low or lacking altogether.
Indirect ELISA on plates not precoated with antibodies
Screening tests using this method with purified virus preparations diluted 40 times beyond their precipitin titres and unfractionated antisera diluted 1 : 500 revealed many cross-reactions between viruses of seven taxonomic groups which were not detected in the direct double-antibody-sandwich method (Table 2 ). In order to eliminate non-specific reactions which were sometimes observed even with sera from non-immunized rabbits it was essential to preabsorb the sera with crude plant sap. Under these conditions cross-reactions were usually seen only between viruses from the same taxonomic groups. An unexplained exception was the reaction of antisera to two potexviruses, i.e. potato virus X and cymbidium mosaic virus, with chrysanthemum virus B, a carlavirus. This reaction was not seen in the precipitin test and immuno-electron microscopy.
Addition of crude sap from healthy Nicotiana clevelandii, Solarium tuberosum, Chenopodium quinoa, Apium graveolens or Vigna unguiculata even at dilutions of 1 : 200 or more to purified virus preparations greatly inhibited the test presumably by interfering with the adsorption of the virus. Different preparations of the same virus under otherwise identical conditions often gave different A4os values indicating that even traces of plant constituents or perhaps virus degradation products may influence the adsorption of the virus.
In addition, different viruses have probably different adsorption characteristics. With several tymoviruses, even with our best antisera the limit of detection was at about 10 ng/ml; cactus virus X (CaVX) and several tombusviruses, however, were detected at concentrations as low as 0.2 ng/ml. In homologous as well as heterologous reactions the detectability of one reactant, i.e. either the virus or the antiviral antibodies increased with increasing concentration of the other reactant [ Table 3 , similar results were obtained with strains of CaVX or celery mosaic virus (CeMV)]. Inhibition by an excess of either virus or antibody known to occur in the precipitin reaction (e.g. Matthews, 1957) was not observed and was probably not to be expected because in ELISA antibodies as well as viruses can probably react with single valencies to give a visible reaction. In Table 3 the homologous serum titre was higher than the heterologous opes; however, the homologous virus dilution endpoint was lower than Some of the heterologous ones possibly due to a less efficient adsorption of the virus to the plate.
Antibody reactivity increased up to the 4th or 5th month after the beginning of immunization after which a decline was observed which often could be reversed by a booster injection (e.g. Fig. 1 ). Over the same period the homologous precipitin titres often varied only slightly (Fig. 1) .
The ability of antibodies to form enzyme-conjugates which reacted well in direct ELISA also increased with prolonged immunization even when the precipitin titres were unchanged (Table 1; Koenig, 1978) . It was therefore assessed whether indirect ELISA on plates not precoated with antibodies could be used as a quick means to predict the suitability of antisera or their globulin fractions for use in the direct method. This was not the case with the 22 bleedings from 10 rabbits immunized in different ways with APLV strains (see first section of Results). Crude antisera and purified globulins gave almost identical results.
Indirect ELISA on antibody-precoated plates for the broad specificity detection of APL V strains in plant sap
Crude plant sap inhibits the serological binding of virus particles on antibody-precoated plates to a much lesser extent than their adsorption on plates not precoated with antibodies. When done on antibody-precoated plates indirect ELISA requires the use of antiviral antibodies from two different animal species so that the enzyme-labelled anti-IgG antibodies detect only the antibodies which reacted with the trapped virus particles ('second' antibodies) and not those which were used for coating the plates ('first' antibodies). * Abbreviations of antigens: APLV, Andean potato latent virus; EMV-AI and EMV-t, Abelia latent and type strains of eggplant mosaic virus respectively; BelMV, belladonna mottle virus. Purified preparations were diluted either in buffer or 4 % potato tuber sap; the results were identical. t R and GP, anti-APLV-Col globulin from rabbit or guinea-pig respectively, used at a concentration of 1 ltg/ml for coating the plates; C, anti-APLV-Col globulin from eggs used at a concentration of 0.67/ag/ml for reacting with the trapped virus particles in indirect ELISA; C-E, enzyme-labelled anti-APLV-Col globulin from eggs used at a dilution of 1 : 1000; RAC-E, enzyme-labelled rabbit anti-chicken-IgG used at a dilution of 1 : 750. I: Serological differentiation indices in the agar gel double-diffusion test with the globulins used for coating the plates. § X signifies an A4o 5 > 0. l, -signifies an A405 < 0.1. R. KOENIG With immunoglobulins to APLV strain Col from rabbit, guinea-pig and chicken used in different combinations as 'first' and 'second' antibodies, representatives of all known strain groups of APLV were readily detected in purified preparations. Not all combinations of 'first' and 'second' antibodies, however, proved to be useful for the routine detection of these viruses. Non-specific reactions with plant sap and sometimes even buffer were observed when either rabbit or guinea-pig immunoglobulins were used as 'second' antibodies. Satisfactory results were obtained only when either guinea-pig or rabbit globulins were used as 'first', and chicken globulins as 'second' antibodies (Table 4) . With these two combinations of antibodies to APLV-Col we sometimes detected strains of EMV also, although with a lower sensitivity than for APLV strains (Table 5 ). The serological differentiation indices (SDI, denoting the number of twofold dilution steps separating the heterologous and homologous titres of a serum) with these EMV strains and the antibodies used were between 3 and 4 in the agar gel double-diffusion test. A sensitive detection of BelMV with an SDI of 5 to 6 was not possible ( Table 5 ). As in other serological tests individual antisera differed in the strength of their homologous and heterologous reactions (Table 5) .
In an experiment comparing direct ELISA using a mixture of anti-APLV-Col, -Col-2 and -Hu conjugates with indirect ELISA using guinea-pig anti-APLV-Col as 'first' and chicken anti-APLV-Col as 'second' antibodies we recognized 7 out of 30 potato tubers grown in the Andean region with both tests as being infected with APLV strains. In indirect ELISA an unequivocal visual assessment of the results was possible 5 to 10 min after the addition of the enzyme's substrate; with the direct method about 45 min were required.
Dependence of the sensitivity of indirect ELISA methods on the quality of anti-IgG antisera
A 100-fold difference in the sensitivity of indirect ELISA on antibody-precoated plates was observed with two commercial preparations of rabbit-anti-chicken-igG although in the agar gel double-diffusion test both preparations reacted equally well. This parallels our observation with antiviral antisera which in spite of similar precipitin titres may give rather differently reacting conjugates depending on the immunization conditions (e.g. Table 1 ; Koenig, 1978) . The sensitivity of the detection of APLV-Col in indirect ELISA on plates not precoated with antibodies varied more than 1000-fold with different commercial preparations of antirabbit-IgG from swine or goat and anti-chicken-IgG from rabbit in combination with the respective antiviral antibodies. The sensitivity of tests with enzyme-labelled protein A was lower than with most enzyme-labelled anti-IgG preparations.
DISCUSSION
With plant viruses from seven taxonomic groups we confirmed a recent observation made by Crook & Payne (1980) with baculoviruses that indirect ELISA on plates not precoated with antibodies detects a wider range of serologically related viruses than does the direct double-antibody-sandwich form. A similar observation was made by van Regenmortel et al. (1980) and with tobamoviruses on antibody-precoated plates.
Indirect ELISA on plates not precoated with antibodies is not suitable for routine detection of viruses in infected plants, because the adsorption of virus particles on microtitre plates -as on electron microscope grids (Lesemann et al., 1980; Nicolaieff & van Regenmortel, 1980 ) -is greatly inhibited by crude plant sap. The high sensitivity of the test and its easy performance with unfractionated antiviral antisera make it, however, interesting for the detection of serological relationships among plant viruses. It is especially advantageous with virus that can be purified only at a low yield or when sera are in short supply or when either lack of facilities or non-specific reactions preclude the immediate use of other techniques such as immuno-electron microscopy or precipitin tests. The latter two techniques should be used, however, to confirm or disprove doubtful results. Evidence for the identity or non-identity of two viruses can be obtained in indirect ELISA by cross-absorption tests and by comparing the viral reactivities with homologous and heterologous antisera. Because a low concentration of one reactant, i.e. either of virus or antiviral antiserum, can be counterbalanced by a higher concentration of the other reactant (Table 3) , the conditions of the test can be chosen in a way to economize on the use of the reactant which is in short supply. Since the quantitative results are influenced by a number of factors, i.e. the concentration of the reactants, the purity and adsorption characteristics of the virus preparations and the length of the immunization period, the test is not suitable for determinations of the degree of serological relationships.
In indirect ELISA on antibody-precoated plates serologically divergent strains of plant viruses can be detected in plant sap with antibodies to a single strain. Our results differ somewhat from those of van Regenmortel et al. (1980) and who detected tobamoviruses with SDIs up to 7 with antibodies to a single strain; in our experiments with APLV and related tymoviruses the upper limit of a sensitive detection was reached at SDI values of 3 to 4. Van Regenmortel used goat or chicken globulins as 'first' and rabbit globulins as 'second' antibodies. We observed non-specific reactions with crude plant sap when rabbit or guinea-pig antibodies were used as 'second' antibodies. Those non-specificities might be due to the anti-IgG preparations we used, because they did not occur in the direct method.
Indirect ELISA on antibody-precoated plates might also be useful when a sufficient sensitivity for the detection of a virus cannot be reached in the direct method. This is suggested by our observation that some of our antisera which had failed in direct ELISA reacted strongly in the indirect method on non-antibody-precoated plates and probably would do so on antibody-precoated plates.
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